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Bit- 802.11 DSSS Modulation Bits Coding Mega-
rate Stan- or per Rate Symbols

dards OFDM Symbol per
second

1 b DSSS BPSK 1 1/11 11
2 b DSSS QPSK 2 1/11 11

5.5 b DSSS CCK 1 4/8 11
11 b DSSS CCK 2 4/8 11
6 a/g OFDM BPSK 1 1/2 12
9 a/g OFDM BPSK 1 3/4 12

12 a/g OFDM QPSK 2 1/2 12
18 a/g OFDM QPSK 2 3/4 12
24 a/g OFDM QAM-16 4 1/2 12
36 a/g OFDM QAM-16 4 3/4 12
48 a/g OFDM QAM-64 6 2/3 12
54 a/g OFDM QAM-64 6 3/4 12

Figure 2-1: A summary of the 802.11 bit-rates. Each bit-rate uses a specific combination
of modulation and channel coding. OFDM bit-rates send 48 symbols in parallel.

a channel. In the presence of fading, multi-path interference, or other interference that is

not additive white Gaussian noise, predicting the combinations of modulation and channel

coding that will be most effective at masking bit errors is difficult.

All 802.11 packets contain a small preamble before the data payload which is sent at

a low bit-rate. The preamble contains the length of the packet, the bit-rate for the data

payload, and some parity information calculated over the contents of the preamble. The

preamble is sent at 1 megabit in 802.11b and 6 megabits in 802.11g and 802.11a. This results

in the unicast packet overhead being different for 802.11b and 802.11g bit-rates; a perfect

link can send approximately 710 1500-byte unicast packets per second at 12 megabits (an

802.11g bit-rate) and 535 packets per second at 1 megabit (an 802.11b bit-rate). This means

that 12 megabits can sustain nearly 20% loss before a lossless 11 megabits provides better

throughput, even though the bit-rate is less than 10% different.

2.2 Medium-Access Control (MAC) Layer

For the purposes of this thesis, the most important properties of the 802.11 MAC layer are

the medium access mechanisms and the unicast retry policy.

To prevent nodes from sending at the same time, 802.11 uses carrier sense multiple access
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Figure 1-2: Theoretical bit error rate (BER) versus signal-to-noise ratio for several modu-
lation schemes assuming AGWN. The y axis is a log scale. Higher bit-rates require larger
S/N to achieve the same bit-rate as lower bit-rates.
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Figure 1-4: Theoretical throughput in megabits per second using packets versus signal-to-
noise ratio for several modulations, assuming AGWN and a symbol rate of 1 mega-symbol
per second.

packets can be estimated using the following equation:

throughput = (1 − BER)n ∗ bitrate

This equation assumes the transmitter sends packets back-to-back, the receiver knows

the location of each packet boundary, the receiver can determine the integrity of the data

with no overhead, there is no error correction, and the symbol rate is 1 mega-symbol per

second.

Packets change the throughput versus S/N graph dramatically; Figure 1-4 shows through-

put in megabits per second versus S/N for 1500-byte packets after accounting for packet

losses caused by bit-errors. The range where each modulation delivers non-zero throughput

but suffers from loss is much smaller in Figure 1-4 than in Figure 1-3. For most S/N values

in the range from 5 to 30 dB, the best bit-rate delivers packets without loss.

Bit-rate selection is easier for links that behave as in Figure 1-4 than as in Figure 1-3;

the sender can start on the highest bit-rate and switch to another bit-rate whenever the
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packets can be estimated using the following equation:

throughput = (1 − BER)n ∗ bitrate

This equation assumes the transmitter sends packets back-to-back, the receiver knows

the location of each packet boundary, the receiver can determine the integrity of the data

with no overhead, there is no error correction, and the symbol rate is 1 mega-symbol per

second.

Packets change the throughput versus S/N graph dramatically; Figure 1-4 shows through-

put in megabits per second versus S/N for 1500-byte packets after accounting for packet

losses caused by bit-errors. The range where each modulation delivers non-zero throughput

but suffers from loss is much smaller in Figure 1-4 than in Figure 1-3. For most S/N values

in the range from 5 to 30 dB, the best bit-rate delivers packets without loss.

Bit-rate selection is easier for links that behave as in Figure 1-4 than as in Figure 1-3;

the sender can start on the highest bit-rate and switch to another bit-rate whenever the
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Figure 3-3: Comparison plots for individual bit-rates. Each point in these scatter plots
shows the delivery probability of one link at two different bit-rates. Bit-rates that use
similar modulation and coding techniques will have points all to one side of x = y.
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Figure 3-5: Average link throughput versus adaptation interval. This graph shows the
average throughput over all non-zero links for different bit-rate adaptation intervals. Crosses
mark the throughput of the average link, and error bars show the 90th and 10th percentile
link throughput. This graph shows that there is little difference between selecting the bit-
rate every 200 milliseconds instead of every 5 seconds, but that using intervals much greater
than 10 seconds decreases throughput.

3.4 Signal-to-noise Ratio and Loss Rate

A close correlation between signal-to-noise ratio and the delivery probability at each bit-rate

would make bit-rate selection relatively straightforward; a receiver could send measurements

of the the signal-to-noise ratio (S/N) of a link to the sender, and the sender could use these

measurements to choose the bit-rate on the link.

Figure 3-6 shows a scatter plot of S/N versus delivery probability. Each point indicates

the average delivery ratio and the average S/N for all the packets received for each link.

This data was obtained during a single broadcast experiment on a 38-node outdoor wireless

network, where each node sequentially sends 1500-byte 802.11 broadcast packets as fast as

it can while the rest of the nodes passively listen. More results from these experiments are

detailed in [2]. The receiver records the signal and noise values the Prism II 802.11 card

reports for each packet.

For almost all bit-rates, a S/N greater than 30dB indicates that a bit-rate will be

lossless. Picking a threshold to determine if a bit-rate “works” is difficult; for example,

delivery probabilities for 1 megabit packets with a S/N of 10dB range from 2% to 100%.

Any S/N threshold will either omit links that perform well or will include links that do not.

It is possible that variations in receive sensitivity across the nodes could be responsible
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